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The 5V non-translated regions (5VNTRs) of hepatitis C virus (HCV) and bovine viral diarrhea virus (BVDV) initiate translation of the
viral RNA genome through an internal ribosomal entry site (IRES) and operate as major determinants of the RNA replication cycle. We
report on comparative studies with both virus systems demonstrating that the functional organization of the 5VNTRs of HCV and BVDV
shows evident differences despite a similar RNA structure. In the BVDV 5VNTR, replication signals are restricted to the 5V terminal domain
I. With HCV, we defined specific replication signals in domain I but also in domains II and III that constitute the functional IRES. While
the BVDV domain I supports IRES activity, the HCV domain I appears to down-regulate IRES function. These data suggest that HCV and
BVDV apply different mechanisms to coordinate viral protein and RNA synthesis, which may explain differences in the replication
efficiency of both related viruses.
D 2005 Elsevier Inc. All rights reserved.
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The past years have seen much progress in the under-
standing of the biochemical mechanisms that underlie the
replication of different members of the Flaviviridae virus
family such as the Flaviviruses kunjin/west Nile, the
Pestivirus bovine viral diarrhea virus (BVDV), and hepatitis
C virus (HCV) (reviewed by Lindenbach and Rice, 2003).
The characterization of molecular determinants of the HCV
replication process is particularly important because HCV is
the major causative agent of liver disease in man (reviewed
by Pawlotsky, 2004). HCVand BVDV share a high degree of
homology in terms of their genomic organization, strategies
of protein expression, genome replication, and viral envelop-0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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studies on HCV are hampered by a low rate of viral
replication and the absence of efficient infectious cell culture
systems, BVDV is applied as a model system for the life
cycle of HCV and, especially, to study the activity of anti-
virals during an infection (Baginski et al., 2000; Zitzmann et
al., 1999). Like all the Flaviviridae, HCV and BVDV are
enveloped positive-strand RNA viruses. The viral genomes,
which have a length of ca. 10 (HCV) and 13 (BVDV) kilo-
bases, consist of a large open reading frame (ORF) and non-
translated regions (NTRs) at the 5V and at the 3V end.
Following entry and uncoating, the viral RNA acts initially
as an mRNA in the cytoplasm of the host cell. Translation of
the ORF leads to the synthesis of a polyprotein that is
processed by host signal peptidases and viral proteases to
yield the viral structural and nonstructural (NS) proteins
(Lindenbach and Rice, 2003, Fig. 1A). The NS proteins that
are encoded by the NS3-NS5B units were shown to be
necessary and, on the side of the virus, sufficient to catalyze05) 349–366
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al., 1998; Grassmann et al., 2001; Lohmann et al., 1999).
Replication of the viral genome, which occurs also in the
cytoplasm, involves the assembly of membrane bound
catalytic replication complexes that consist of virus and
host-encoded components (Gosert et al., 2003). These
complexes catalyze the synthesis of negative-strand RNA
intermediates, which subsequently serve as templates
for the production of progeny positive-strand RNA
molecules.
A main focus of recent experimental studies of the HCV
and BVDV genomes has been the 5VNTR because this
region plays a key role in viral protein and RNA synthesis
and in the coordination of both processes. The BVDV and
HCV 5VNTRs share a significant extent of sequence
conservation, and computer predictions and structure prob-
ing experiments revealed evident similarities of the RNAs
secondary and tertiary structures (Fig. 1B). The most
obvious common features are extensive stem-loop structures
designated as domains II and III that are folded by the
downstream portion of the 5VNTR. Domains II and III, the
latter which forms a characteristic pseudo-knot structure
near the 3V end of the 5VNTR, were demonstrated to encode
the major functional elements of a type IV internal
ribosomal entry site (IRES), which mediates translation
initiation by direct positioning of the 40S ribosome subunit
at the translation initiation codon in the absence of
additional translation factors (Hellen and Sarnow, 2001;
Honda et al., 1996a, 1996b; Pestova and Hellen, 1999;
Pestova et al., 1998; Poole et al., 1995; Rijnbrand and
Lemon, 2000; Rijnbrand et al., 1995, 1997; Tsukiyama-
Kohara et al., 1992; Wang et al., 1995). With HCV, the 3V
portion of the 5VNTR and the 5V part of the ORF form an
additional stem-loop structure termed as domain IV (Honda
et al., 1996a, 1996b), and with both viruses the IRES was
found to be more effective in the presence of the adjoining
portion of the ORF (Behrens et al., 1998; Kim et al., 2003;
Lu and Wimmer, 1996; Myers et al., 2001; Rijnbrand et al.,
2001; Tautz et al., 1999). Structural analysis of the HCV
IRES revealed that all composing RNA elements adopt aFig. 1. Functional organization of genomic and subgenomic BVDVand HCV RNA
length BVDV and HCV genomes and of the BVDV and HCV replicon constructs
the viral and non-viral (GUS, NEO) ORFs are depicted as boxes. The viral poly
regions. Known enzymatic activities of the viral proteins are indicated. The bicis
(1999). The monocistronic BVDV replicon, previously designated as bBVDV DI9
clone of BVDV strain CP7 (Meyers et al., 1996). The authentic N-terminus of NS3
RNA replication (Behrens et al., 1998). The HCV replicons used in this study deriv
2001; Lohmann et al., 1999). For efficient translation, the 5V terminal part of the co
region of NS3 to NS5B (monocistron). With the monocistronic replicon, a ubiquit
N-terminus of the NS3 protein by cellular ubiquitin C-terminal hydrolases. The re
by NS3/NS4A; circle-cleavage by cellular signalases; A-autoproteolytic activity. (
(strain 1B, HCV con1) 5VNTRs. The structural domains are labeled I-IV; the AU
indicated according to the previous nomenclature (Chon et al., 1998; Honda et al.,
bdouble bulgeQ and bupper stemQ of the HCV domain II as specifically indicated
hairpin (bhairpin IbQ); as outlined in the text, this region was shown to be mainly s
Fig. 3C). Most obvious sequence identities of the BVDV and HCV 5VNTR are etertiary structure that binds the translation initiation complex
at high affinity (Collier et al., 2002; Kieft et al., 1999, 2002;
Lukavsky et al., 2000, 2003; Lytle et al., 2002; Spahn et al.,
2001).
In comparison with domains II and III, the upstream
domain I regions of the BVDV and HCV 5VNTRs reveal a
lower degree of similarity. Both viral RNAs form a small
stem-loop structure at or near the genomic 5V terminus,
which was uniformly termed as hairpin Ia, and hairpin Ia
and domain II are separated by the so-called spacer region
Ib. However, the composition of the BVDV hairpin Ia is
significantly more complex than that of the HCV Ia, and in
contrast to the situation with HCV, the BVDV Ib region was
suggested to fold an additional hairpin (Becher et al., 2000;
Chon et al., 1998; Honda et al., 1996a, 1996b, 1999).
Conflicting data exist on the role of hairpin Ia during
translation. Some work suggested that the presence and
correct fold of Ia supports IRES function (Fukushi et al.,
1994; Luo et al., 2003; Yu et al., 2000). Other studies
indicated that a deletion of Ia had little consequences (Chon
et al., 1998; Friebe et al., 2001) or stimulated IRES function
(Honda et al., 1996a, 1996b; Kamoshita et al., 1997;
Rijnbrand et al., 1995, 1997).
The construction of cDNAs that allow the transcription
of functional BVDV and HCV RNAs, especially of
subgenomic RNA replicons that consist of the NTRs and
the NS3-NS5B coding region, considerably accelerated
investigations aimed at defining cis-encoded replication
signals (Behrens et al., 1998; Lohmann et al., 1999, see Fig.
1A). Along this line, a short sequence stretch at the
immediate 5V terminus of the BVDV genome, which is part
of the stem of hairpin Ia, was identified as a crucial
replication signal (Frolov et al., 1998). Other studies defined
the authentic fold of hairpin Ia as a prerequisite for efficient
replication of the BVDV RNA (Becher et al., 2000; Yu et
al., 2000, see Fig. 2). Thus, in view of its dual role, the
BVDV hairpin Ia was postulated to act as an important
regulator of viral protein and RNA synthesis (Isken et al.,
2003; Yu et al., 2000). Recent studies showed that also the
HCV hairpin Ia is essential for replication. Most interest-s; structures of the BVDVand HCV 5VNTRs. (A) Physical maps of the full-
used in this study. The non-translated regions (NTRs) are depicted as lines;
peptides processed from the polyprotein are marked as differently shaded
tronic GUS expressing BVDV replicon has been described by Tautz et al.
c,Q corresponds to a natural isolate; it was mainly generated from a cDNA
is generated by the Npro autoprotease, which has no further function during
ed from the Con1 isolate of Lohmann et al. (Guo et al., 2001; Krieger et al.,
re protein (DC) was fused to either the NEO gene (bicistron) or to the coding
in gene fused between DC and NS3 allowed the generation of the authentic
maining proteolytic cleavage sites are indicated as follows: arrows-cleavage
B) Predicted structures of the BVDV (strain CP7, BVDV DI9c) and HCV
G translation initiation codon is boxed. The individual hairpin loops are
1996a, 1996b; Zhao and Wimmer, 2001). In this study, we applied the terms
. According to previous predictions, the BVDV Ib region is depicted as a
ingle-stranded (indicated by crossed lines in the predicted bhairpin IbQ stem;
ncircled.
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replication signals in domains II and III of the HCV 5VNTR,
which were not defined (Friebe et al., 2001; Kim et al.,
2002; Luo et al., 2003; Reusken et al., 2003).
This study was aimed at gaining a comprehensive and
comparative picture of the functional organization of theBVDV and of the HCV 5VNTR. Thus, we identified a series
of yet unknown replication signals in the 5VNTRs of BVDV
and HCV and defined specific differences in the arrange-
ment of translation and replication signals, which may
contribute to differences in the life cycle of the two related
viruses.
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Experimental systems
For the reported studies, we applied mainly dbicistronicT
BVDV and HCV replicon constructs where the natural
5VNTR preceded a reporter gene while an additional EMCV
IRES directed translation of the viral proteins NS3-NS5B
(Fig. 1A). The BVDV replicon encoded the enzyme
glucoronidase, GUS (Tautz et al., 1999); the bicistronic
HCV replicon was highly adapted to Huh-7 cells and
contained the neomycin resistance gene, NEO (Guo et al.,
2001; Krieger et al., 2001). The use of the bicistronic
constructs allowed us to uncouple the effects of mutations in
the 5VNTR on IRES-mediated translation from effects on the
replication cycle of the viral RNA. However, to further
confirm experimental data we tested most mutations also in
the context of monocistronic replicons (see Fig. 1A and
specific comments below).
Mutagenesis of the 5VNTR was carried out on the level of
the replicon cDNAs in the way that is depicted in Figs. 2–4.
All mutant replicon transcripts were confirmed to exhibit the
same stability as the original (wt) RNAs under the
conditions of the applied assay systems and at different
time points of measurement. Moreover, we assured that the
introduced mutations did not revert in the course of the
transfection–replication experiments (data not shown, for
experimental details, see Grassmann et al., 1999).
With the BVDV system it was possible to measure the
efficiency of viral translation in vivo and in vitro. In the in
vivo experiments, we transfected suitable host-cells
(MDBK, BHK-21, or Huh-7 cells) with the replicon and
measured translation of the input RNA by GUS activity at
4.5 h posttransfection (Tautz et al., 1999, note that a
replication-associated expression of GUS was earliest
detectable at 6–12 h posttransfection). In the in vitro
experiments, the full-length replicon RNAs were added to
translation factor supplemented S10 extracts of BHK or Huh
cells and the rate of translation was determined by
incorporation of labeled methionine into GUS (Grassmann
et al., 1999). It is important to note that both types of assays
yielded identical results and that this was also unaffected by
the applied cell type (for an example, see Fig. 2B). In view
of this fact and because 5VNTR mutants of GUS orFig. 2. The BVDV hairpin Ia modulates IRES-mediated translation and viral re
(numbering of nucleotides initiates with the genomic 5V terminus). Nucleotide ex
Effects of mutations in hairpin Ia on the replication and translation of bicistroni
diverse bicistronic replicon constructs. Replication was measured by RNase pr
demonstrated by the negative control (mutant BIa1), only minor amounts of inpu
representative RPA is shown; the bar diagram summarizes the results of four indepe
mutant was calculated with respect to that of the wt (considered 100%); error b
replicon constructs. The diagram summarizes the results of three independent
measured in vivo by the activity of GUS at 4.5 h posttransfection (see Materials
respect to that of the wt (considered 100%); error bars indicate mean deviations. (T
on translation and RNA replication in the bicistronic and monocistronic replicon co
or in vitro (monocistron); replication was in both cases measured by RNase prote
hairpin Ia during translation and RNA replication (for further details, see text andluciferase-encoding bicistronic HCV replicons tended to
be unstable (not shown), we measured HCV translation only
in vitro. This was done with the same assay as with BVDV
by measuring the incorporation of methionine into NEO.
Experiments with BVDV and HCV RNA were perfectly
comparable because GUS and NEO had equal stabilities
under the in vitro conditions (not shown).
Replication of the viral RNAs was monitored with
quantitative RNase protection procedures (Behrens et al.,
1998), which detected the synthesis of progeny positive-
strand RNA molecules at 28 h (with BVDV) or 72 h (with
HCV) posttransfection into MDBK, BHK-21 (with
BVDV), or Huh-7 cells (with HCV or BVDV). Pilot
experiments showed that at these time points, the
replication of the BVDV and HCV RNAs reached
maximum values and that the transfected cells retained
only traces of input RNA (see Figs. 2–4). In analogy to the
translation experiments, the replication capacity of the
diverse BVDV mutants was found to be unaffected by the
applied host cell type (not shown). Mutant BVDV and
HCV replicon derivatives were regarded as replication
competent if the amount of progeny positive-strand RNA
was at least 10% over background, and changes of more
than 20% with respect to the wt RNA were considered as a
significant impact on the replication process. All mutants
that turned out to be replication competent were also tested
for the synthesis of negative-strand intermediate. As a
general result of these experiments, the ratio of negative-
strand and progeny positive-strand RNA molecules was
observed to be unchanged with all replicating BVDV and
HCV 5VNTR mutants (i.e., in the range of ca. 1:5 with both
virus systems), even when the replication capacity of the
mutants differed considerably from that of the wt (not
shown). This finding was consistent with previous obser-
vations with BVDV RNAs, which carried mutations in the
3VNTR, in the ORF, or unrelated mutations in the 5VNTR,
and it supported the idea that with BVDV and HCV both
replication steps are closely coupled (see Grassmann et al.,
2001, and references herein).
In sum, it is important to note that we applied essentially
the same set of methods and assay systems to identify
individual functional determinants of the BVDV and HCV
5VNTR and to establish their relevance for viral protein and
RNA synthesis.plication. (A) Schematic drawings of the applied mutations in hairpin Ia
changes are indicated by circles; deletions are specified at the bottom. (B)
c and monocistronic BVDV RNAs. (Top, left) Replication capacity of the
otection (RPA) of progeny positive-strand RNA molecules (see text); as
t RNA were retained in the transfected cells at the time of measurement. A
ndent transcription/transfection experiments. The replication ability for each
ars indicate mean deviations. (Bottom, left) Translation of the bicistronic
transcription/transfection experiments; translation of the viral RNAs was
and methods). The translation capacity of each mutant was calculated with
op and bottom right) Comparison of the effects of the diverse BIa mutations
nfiguration (wt = 100%). Translation was measured either in vivo (bicistron)
ction. (C) Summarizing scheme of the role of different elements in BVDV
Yu et al., 2000).
Fig. 3. The BVDV 5VNTR region Ib is mainly single-stranded and harbors nucleotide stretches that are essential for viral replication. (A) Mutations that were
introduced into the BVDV 5VNTR. Applying the predicted RNA structure of the BVDV 5VNTR (domains II and III incomplete; see Fig. 1B) and a general
scheme, the figure illustrates the positions of nucleotides and restriction sites that were used to generate mutations B5V1-7 (for details, see text and Table 1). (B)
Effects of mutations B5V1-7 on translation and replication of the bicistronic BVDV RNA. (Top) Replication was measured by RNase protection; a
representative RPA assay is shown, the bar diagram summarizes the results of four independent transcription/transfection experiments. (Bottom) Bar diagram
that summarizes the results of four independent transcription/transfection experiments that measured the rate of translation via GUS activity. (C) Probing of the
RNA secondary structure of the BVDV 5VNTR. (Top) Structure probing was carried out at two concentrations (see Yu et al., 1999) of the single-strand specific
chemicals DMS (dimethyl sulfate; A and C-specific; 0.5 and 1 Al/reaction) and CMCT (1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide metho-p-
toluenesulfonate; U- and G-specific; 210, 420 Ag/per reaction). Note that G residues were often found to be poorly modified by CMCT. The chemically
modified hairpin Ia and region Ib were analyzed by reverse transcription in comparison with unmodified RNA (). The regions that form the stem and loop of
hairpin Ia, region Ib, and the lower stem of domain II are indicated. For orientation, a sequencing reaction of the corresponding cDNAwas performed with the
same primer; the positions of characteristic nucleotide residues are indicated. (Bottom) Summarizing model: highly accessible nucleotides indicated in dark
gray; partially accessible nucleotides indicated in light gray.
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Fig. 3 (continued).
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IRES-mediated translation and RNA replication
Initially, we tested a set of six mutations in the
bicistronic BVDV replicon constructs, which modified
different portions of the 5VNTR hairpin Ia motif (Fig. 2A;
see also Table 1). These mutations, termed here according
to previous designations (Yu et al., 2000) BIa1, 5, 9, 12,
and 18, had already been characterized in the context of
BVDV RNAs that are found in natural infections such as
the monocistronic replicon RNA dDI9cT and the full-length
BVDV genome (Tautz et al., 1994, see Fig. 1A), and they
were shown to affect translation and replication of both
RNAs in a homologous manner (Yu et al., 2000, and H. Yu,
unpublished data). Evaluating BIa1, 5, 9, 12, and 18 now in
a bicistronic configuration was important for two reasons:
first, to functionally separate the effects of these mutations
on translation from effects on replication; and second, to
determine whether experimental data obtained with the
artificial bicistronic RNAs actually reflected the situation of
the natural, monocistronic viral RNAs.
As shown in a side-by-side projection in Fig. 2B, we
found that translation and replication data that were
measured with the bicistronic constructs were in solidagreement with previous findings with DI9c or the full-
length BVDV RNAs (the latter not shown). Particularly
important, translation experiments that were performed with
the mutant Ia BVDV bicistronic RNAs in vivo yielded with
a few exceptions (see below) identical results as in vitro
translation experiments that were carried out with the
corresponding mutant Ia monocistronic constructs (Fig.
2B). Thus, we observed that mutation BIa1, which removed
almost the entire Ia coding sequence, inhibited expression of
the GUS reporter gene as well as multiplication of the viral
RNA (Fig. 2), which was in evident support of the notion
that hairpin Ia is an essential molecular determinant of viral
translation as well as RNA replication (see Introduction).
The presence of an essential replication signal in the 5V
terminus of the viral RNA (Frolov et al., 1998) was
confirmed by the observation that replication of the mutant
BIa5 RNA, which carried three modified nucleotides in the
upstream portion of hairpin Ia, was reduced by a factor of 20
with respect to the wt, while it was just a factor of 2 with
mutant BIa10 that contained the same number of nucleotide
exchanges in the downstream portion of Ia (Fig. 2). Each of
the mutations BIa9, 10, 12, and 18, which modified the
lower stem (BIa9, 10), the upper stem (BIa12), or the loop
of Ia (BIa18), had a noticeable effect on the replication of
Fig. 3 (continued).
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Fig. 4. Defined replication signals are located in domains II and III of the HCV 5VNTR; the HCV hairpin Ia acts as a translational inhibitor. (A) Mutations that
were introduced into the HCV 5VNTR (designations as in the text). Small letters—exchanged nucleotides; D—deleted nucleotides; the arrow indicates
individual nucleotide exchanges; lines indicate mutagenized nucleotide stretches (for details, see text and Table 2). Note that hairpin Ia was mutagenized such
that mutation HIar disrupted the stem exclusively in the genomic RNA, while mutation HIal disrupted the stem exclusively in the negative-strand intermediate.
Mutant HIal + r was originated by compensatory nucleotide exchanges in both RNA strands that allowed stem formation in the negative as well as in the
positive-strand RNA with a different sequence composition. A similar mutagenesis approach was applied for the upper stem region of domain II (mutations
HII76–78, HII88–90, and HII76–78 + 88–90). (B) Effects of mutations in the HCV 5VNTR on translation and replication of HCV RNA. (Left) Translation was
measured by the amount of NEO (see text); a representative in vitro translation experiment is shown on top. The bar diagram summarizes the results of four
independent in vitro translation experiments. (Right) Replication of the bicistronic replicon was measured by RNase protection of newly synthesized progeny
positive-strand RNA (see text); a representative replication assay is shown on top. The bar diagram summarizes the results of four independent transcription/
transfection experiments. Two mutant RNAs were used as negative controls in both types of assay systems: an RNA that expressed a defective RNA-dependent
RNA polymerase NS5B (GDD) and an RNA that encoded a 5VNTR where domains III and IV were deleted (DIII/IV; see also A). Residual amounts of RNA
that were measured with these mutants were considered as replication defective.
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Table 1
BVDV 5VNTR mutants
BIa1 deletion of residues 1–26; interferes with the formation of
hairpin Ia
BIa5 substitution of residues A3 by G, A5 by G, C6 by U in the
upstream portion of hairpin Ia; maintains the stem structure of
hairpin Ia with a different sequence
BIa9 deletion of residues 27–32; interferes with the formation of
the lower stem region of hairpin Ia
BIa10 substitution of residues A29 by G, A31 by G, C32 by U in the
downstream portion of hairpin Ia; maintains the stem
structure of hairpin Ia with a different sequence
BIa12 substitution of residues CUC 26–28 by GAG; interferes with
the formation of the upper stem region
BIa18 deletion of a considerable part (residues 14–19) of the
hairpin Ia loop region
B5V1 deletion of domain III (residues 152–376)
B5V2 deletion of domains II and III (residues 64–376)
B5V3 deletion of domains II, III, and of region Ib (residues 33–376)
B5V4 deletion of domains II, III, and of the 3V-portion of region Ib
(residues 63–376)
B5V5 deletion of region Ib (residues 33–63)
B5V6 substitution of residues G61 and G62 by U
B5V7 deletion of residues AUUGGA 35–40
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correct architecture of hairpin Ia is needed to confer the viral
RNA a maximum of replication efficiency (Becher et al.,
2000; Yu et al., 2000).
The significance of the BVDV hairpin Ia for translation
became particularly evident with the bicistronic RNAs
where replication was maintained independently of the
5VNTR-mediated translation process. Thus, we observed that
the translation of GUS was completely blocked in the
bicistronic construct that contained mutation BIa9 (D27–32).
However, in contrast to the corresponding monocistronic
RNA, the BIa9 bicistronic turned out to be replication
competent (Fig. 2B). This finding proved previous assump-
tions that the presence of the 3V portion of Ia is particularly
important for BVDV IRES activity (Yu et al., 2000). Along
the same line, mutations 5, 10, and 12, all which lowered the
stability of the hairpin Ia stem, were found to inhibit the
translation of GUS by ca. 60% with respect to the wild type.
These data emphasized the relevance of an intact hairpin Ia
stem structure for an optimal IRES activity (Fig. 2).
Taken together, by examining a defined set of hairpin Ia
mutations in bicistronic replicon constructs, we consider-
ably confirmed previous suggestions that the BVDV hairpin
Ia motif represents a bifunctional motif that is critical for
viral gene expression as well as genome replication.
Signals important for RNA replication reside exclusively in
domain I of the BVDV 5VNTR
Next, we wanted to establish the impact of the residual
portions of the BVDV 5VNTR on the RNA replication
process. To this end, we introduced three deletions, termed
here as B5V1, 2, and 3, into the 5VNTR that removed step by
step domain III (B5V1), domain II (B5V2), and region Ib ofdomain I (B5V3; see Fig. 3A and Table 1). For this purpose,
we employed either restriction sites that were present in the
replicon cDNA or sites that were newly generated by point
mutations which demonstrably had no effect on the
functions of the 5VNTR (Fig. 3A and data not shown). We
found that mutations B5V1 and B5V2, which removed
domains II or III, abolished, as expected, the translation of
the reporter gene but had no effect on the replication
efficiency of the bicistronic viral RNA. In contrast, we
observed a drastic defect with mutation B5V3 that affected
also region Ib. This observation indicated the presence of
further undefined replication signals in region Ib of the
BVDV 5VNTR (Fig. 3B).
To classify these signals, it was first important to find out
whether region Ib actually forms an RNA hairpin (dhairpin
IbT) as this was implied by RNA structure predictions (see
Introduction and Fig. 1B). For this purpose, we generated
RNA transcripts that comprised the entire 5VNTR and a
short portion of the ORF (DNpro). The presence of the DNpro
portion was known to support the efficiency of the IRES
(see Introduction) and hence expected to promote an
optimal functional fold of the BVDV 5VNTR. The
5VNTRDNpro RNAs were tested for accessibility to the
agents DMS (modifying A and C) and CMCT (modifying U
and, to a lower extent, G), i.e., by a straightforward
experimental structure probing protocol indicating single-
stranded regions of the RNA. The experiments revealed that
the RNAs formed hairpin Ia and domains II and III in close
agreement with the computer predictions and previous
probing experiments. However, almost the entire region
that was suggested to form dhairpin IbT (residues 36–67 of
the BVDV genome) turned out to be accessible to DMS and
CMCT modification (Fig. 3C; probing data of domains II
and III not shown). Since congruent results were also
obtained with 5VNTR transcripts, which were longer or
shorter than 5VNTRDNpro, we deduced that under the
conditions of dnakedT RNA transcript molecules the dhairpin
IbT structure is either unstable or not formed at all.
The subsequent search for replication signals was
facilitated by findings of Becher et al. (2000), which
demonstrated that the length of the A-rich sequence stretch
in the center of Ib (nucleotides 47–60 of the BVDV
genome; see Fig. 3A) is dispensable for RNA replication.
Mapping consequently the regions upstream and down-
stream of this A-stretch, we observed that the replication
competence of BVDV replicons, which encoded nucleo-
tides 1–62 of the 5VNTR (B5V4), was 10 times lower than
that of RNAs encoding nucleotides 1–63 (B5V2; see Figs.
3A and B, and Table 1). This result unambiguously
marked residue C63 as an essential replication signal. The
idea that an important replication signal resides in the
downstream fraction of Ib was further substantiated during
analysis of two point mutations (B5V6), which changed
residues G61 and G62 into U and which were found to be
markedly defective in replication (ca. 15% wt level; see
Figs. 3A and B). Exploring the sequence upstream of the
C.W. Grassmann et al. / Virology 333 (2005) 349–366 359A-stretch, we observed that viral replication was nearly
completely abolished on account of a deletion of
nucleotides 35–40 (B5V7) of the BVDV genome (Fig.
3B; data of other, non-effective mutations not shown). The
general importance of the Ib region for BVDV replication
became finally clear during analysis of a mutant RNA,
B5V5, which lacked almost the entire Ib sequence
(nucleotides 33–63). This RNA was completely defective
for replication (Fig. 3).
Measuring translation we observed that a nearly com-
plete deletion of Ib (mutant B5V5) inhibited the expression
of GUS. In contrast, protein synthesis was only moderately
compromised with mutants B5V6 and B5V7 (Fig. 3B), which
indicated that residues G61, G62, and A35-A40 of the RNA
operate mainly during the replication process of the viral
RNA.
Taken together, we demonstrated that in the BVDV
5VNTR replication signals locate solely in domain I, namely,
in the hairpin Ia motif and in the predominantly single-
stranded Ib region, as shown here. The presence of domain I
was found to be important for an optimal activity of the
BVDV IRES (see summary in Fig. 5 and Discussion).
Domains II and III of the HCV 5VNTR are required for viral
RNA replication
To study the HCV 5VNTR, we initially applied a similar
strategy as earlier with BVDV (see Fig. 3) by introducing
extensive deletions, which stepwise removed entire domain
structures. By measuring the replication of bicistronic
replicon constructs carrying these mutations, we confirmed
the results of other laboratories that pursued similar
approaches. Thus, the 5V terminal ca. 120 nucleotides
(domains I and II) of the HCV 5VNTR were found to be
essential and generally sufficient for RNA replication, while
the efficiency of the replication process was found to be
significantly increased in the presence of the full-length
5VNTR (Friebe et al., 2001; Kim et al., 2002; Reusken et al.,
2003, data not shown). Hence, already at this stage it was
clear that in contrast to the situation with BVDV, the HCV
domains II and III harbor several motifs that should be
involved in the genome replication process. Since the
precedent studies did not go into further detail, it was next
important to gain some insights into the nature and location
of these signals.
Characteristic replication signals locate in domains I, II,
and III of HCV 5VNTR
To define the functional role of the HCV domain I, we
mutagenized the HCV hairpin Ia motif and the Ib region in a
comparable manner as this was previously done with BVDV
(Yu et al., 2000, see also Fig. 2 and Table 2). Concerning
hairpin Ia, we modified the 5V terminal (termed as HIal) or 3V
terminal stem-forming (termed as HIar) sequence stretches
in such a way that this weakened or destroyed the stemstructure in the negative-strand intermediate and in the
positive-strand RNA, respectively (see Fig. 4A). For this
purpose, we exploited the property of G-U base pairs, which
can replace A–U pairs in the positive strand, while on the
negative strand A–C base pairs cannot form. With two other
mutations, we changed the sequence of the Ia loop (HIalp)
or created a stem with a different nucleotide composition by
combining Ial and Iar (HIal + r). The HCV Ib domain,
which was reported to be single stranded (Honda et al.,
1996a, 1996b, 1999), was affected by three mutations that
stepwise modified the sequence of the entire region (HIb1,
HIb2, and HIb3; Fig. 4A).
Regarding domains II and III, we focused our analysis on
RNA features that matched the following two categories. (i)
They should be conserved between different HCV strains
but not between BVDV and HCV (for a comparison of the
BVDVand HCV 5VNTRs, see Fig. 1B), and (ii) they should
have only little impact on the IRES-mediated translation
initiation process. Along these lines, we introduced two
nucleotide substitutions (changing A54 and U63 into G54
and G63; termed as HIIG54/G63) into the upstream part and
one base deletion (HIID103) into the downstream part of
the, what we call here, ddouble-bulgeT motif of the HCV
5VNTR domain II (see Fig. 4A and Table 2). Note that in
accordance with our settings, this double bulge has no
counterpart in the BVDV 5VNTR (Fig. 1B) and the applied
mutations IIG54/G63 and IID103 were already implied by
studies of Odreman-Macchioli et al. (2001) to have no or
only moderate negative effects on the HCV IRES function
(see also below). Following the same concept, we mutated
the upper stem region (HII76–78; HII88–90; HII76–78 +
88–90) of domain II and inverted the sequence of the major
loop IIIb (HIIIbinv) of domain III (see Fig. 4A, Odreman-
Macchioli et al., 2000, 2001).
Testing this spectrum of 5VNTR HCV replicon deriva-
tives with the translation assay (Fig. 4B), we detected
virtually no restriction of protein synthesis with the point
mutations HIIG54/G63 that affected the upstream sequence
of the HCV-specific double-bulge II. Almost no effect on
translation was also measured with the mutant RNA HII76–
78 + 88–90, where the, what we call here, dupper stemT of
domain II was composed of a different sequence (see Figs.
4A and B). Minor negative effects (i.e., reductions of
translation by b20%) were found with the Ib mutations
HIb1, H1b2, and H1b3, while reductions of translation of up
to 50% were detected with HCV RNAs, which carried the
downstream double-bulge II mutation HIID103 or the
inverted domain IIIb loop sequence, HIIIbinv (Fig. 4B).
The most pronounced negative effect on translation, i.e., a
reduction of protein synthesis by ca. 60–70%, was observed
with the RNAs where the formation of the upper stem of
domain II was impaired (HII76–78 and HII88–90). Interest-
ingly, we found the inverse situation, namely a significant
increase of the translation efficiency with all mutations that
affected hairpin Ia (see Fig. 4B and Discussion). While these
results were obtained with the bicistronic replicon system, it
Table 2
HCV 5VNTR mutants
HIal substitution of residues C6 by U, C8 by U,
C9 by U in the upstream portion of hairpin Ia;
maintains the stem structure of hairpin Ia in the
positive-strand RNA template with a different
sequence
HIalp substitution of residues G11-U14 of the hairpin Ia
loop by 6 unrelated nucleotides
HIar substitution of residues A3 by G, A5 by G,
C6 by U in the upstream portion of hairpin Ia;
maintains the stem structure of hairpin Ia in the
negative-strand RNA template with a different
sequence
HIal + r combination of HIal and HIar; enables
formation of hairpin Ia with a different sequence
composition
HIb1 substitution of residues 21–28 by unrelated
nucleotides
HIb2 substitution of residues 29–34 by unrelated
nucleotides
HIb3 substitution of residues 35–43 by unrelated
nucleotides
HIIG54/G63 substitution of A54 by G and U63 by G
HII76–78 substitution of residues CGU 76–78 by GCG;
interferes with the formation of the dupper stem
regionT of domain II
HII88–90 substitution of residues GCG 88–90 by UGC;
interferes with the formation of the dupper stem
regionT of domain II
HII76–78 + 88–90 combination of HII76–78 and HII88–90; enables
formation of the dupper stem regionT of domain II
with a different sequence composition
HIID103 deletion of residue U103
HIIIbinv nucleotide exchanges in the domain IIIb loop
region, which invert the orientation of the loop
sequence
HDIII/IV deletion of domains III and IV (residues 131–317)
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translation while testing the respective mutations in the
context of monocistronic HCV replicons (data not shown).
In comparison with the translation experiments, almost
all 5VNTR mutations had drastic negative effects on the viral
RNA replication pathway. Thus, RNA synthesis was nearly
completely inhibited by mutations HIar and HIal, which
damaged the stem of hairpin Ia in the genomic RNA or in
the negative-strand intermediate, respectively. In surprising
contrast, mutant HIal + r, where the Ia stem was composed
by a dissimilar sequence, replicated even better than the wt
replicon (Fig. 4B). RNA replication was also significantly
reduced with mutations HIb1–3, which altered the sequence
of region Ib. Most interestingly, we observed that the two
point mutations in the upstream portion of the HCV-specific
double-bulge II, HIIG54/G63, nearly completely blocked
RNA replication (Fig. 4B). Apart from these indispensable
replication signals we found that the sequence composition
of the loop of hairpin Ia and, surprisingly, also the sequence
composition of the upper stem of domain II contributed to
the efficiency of HCV replication because mutations in these
elements (HIalp and HII76–78 + 88–90) markedly reducedRNA synthesis (Fig. 4B). As an important matter to recall,
with all mutant RNAs listed in this paragraph, the rate of
translation was close to normal or higher than that of the wt
RNA (see also Fig. 4B).
Also with the remaining series of mutants, which
impaired the formation of the upper stem structure of
domain II (mutants HII76–78 and HII88–90), which
affected the downstream sequence of the double-bulge II
motif (mutant HIID103) or inverted the loop-IIIb sequence
(mutant HIIIbinv), RNA replication was found to be
diminished by ca. 60–80%. However, the interpretation of
these observations was less clear because the mutations
interfered also to different degrees with the IRES function
(Fig. 4B; see Discussion). Again, it is important to note that
we obtained consistent results when we tested these
mutations in the context of monocistronic HCV replicon
RNAs (not shown).
In sum, these studies revealed a rather detailed picture of
the functional organization of the HCV 5VNTR (see Fig. 5).
Most interestingly, some motifs in the domain II portion of
the 5VNTR were shown to be exclusively involved in
replication, while other replication signals in domains II and
III overlapped with the functional IRES (see Discussion).Discussion
The aim of this study was to compare the functional
organization of the genomic 5V non-translated regions
(5VNTRs) of the related Flaviviridae BVDV and HCV. The
BVDV and HCV 5VNTRs share substantial homologies in
their RNA structures (see Figs. 1 and 5). With both viral
RNAs, the 5V portion or domain I of the 5VNTR encodes a
hairpin motif, hairpin Ia, and the Ib spacer region. Ib appears
to exist predominantly in a single-stranded conformation as
shown here now also with BVDV (Honda et al., 1996a,
1996b, 1999, see Fig. 3). Domains II and III that are formed
by the downstream portion of the 5VNTR reveal the highest
degree of conservation, which is explained by the fact that
these domains constitute the functional core of the BVDV
and HCV IRES. These apparent homologies suggested that
domains I, II, and III function in a similar way during
translation and replication of the BVDVand HCV genomes.
Interestingly though, this notion was only partly valid.
Using the same types of assay systems, we defined several
elements within the BVDV and HCV 5VNTRs that apply
distinctly different modes of activity (summarized in Fig. 5).
The BVDV 5VNTR: domain I modulates translation and
replication of the viral RNA
With BVDV, we could draw a nearly complete map of
the cis-acting replication signals that are encoded by the
5VNTR. These could be narrowed on three sequence
elements that locate exclusively in domain I, namely one
sequence stretch in hairpin Ia (Becher et al., 2000; Frolov et
Fig. 5. Summarizing model on the location of replication signals in the BVDV and HCV 5VNTR. Replication signals that turned out to be most essential are
indicated in dark gray; replication signals that were less important are indicated in light gray. Elements that were found to be important for translation as well as
replication are marked with a bold t: (t+)—signals that support IRES-mediated translation; (t)—signals that inhibit translation.
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elements in region Ib. Moreover, by using the bicistronic
replicon constructs we substantiated previous findings with
monocistronic replicons and the full-length viral genome
demonstrating that a correct fold of hairpin Ia confers the
BVDV RNA a maximum of multiplication competence
(Becher et al., 2000; Yu et al., 2000). Domains II and III of
the BVDV 5VNTR were confirmed to be definitely
redundant for viral replication (Frolov et al., 1998, see
Figs. 3 and 5).
The close proximity of the Ia and Ib signals suggests that
the BVDV domain I acts as a common functional RNA
element. For example, it is conceivable that the presence of
Ib helps to preserve the structure of hairpin Ia. This notion is
supported by data of Frolov et al. (1998) showing that
chimeric BVDV genomic RNAs, which contained Ia and Ib
upstream of a heterologous IRES, replicated almost as
efficiently as the parental BVDV RNA, whereas chimeras
that contained only Ia were unstable.Besides that domain I was shown to operate as an
essential replication signal, this study emphasized the
importance of hairpin Ia and region Ib for an optimal
activity of the BVDV IRES (Figs. 2 and 3). Thus, in
conclusion, the entire BVDV domain I was defined as a
bifunctional RNA motif that appears to be involved in the
coordination of viral protein and RNA synthesis (Isken et
al., 2004; Yu et al., 2000; for further discussion, see below).
Functional organization of the HCV 5VNTR: defined
elements of domains II and III are involved in RNA
replication
In remarkable contrast to BVDV we identified several
replication signals in domains II and III of the HCV 5VNTR.
Some of these elements, namely the upstream portion of the
HCV-specific double-bulge II and the sequence composi-
tion of the upper stem of domain II (see results with
mutants HIIG54/G63 and HII76–77 + 88–90), were
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mutations in these elements compromised the multiplication
of the viral RNA but did not interfere with translation (Fig.
4). Other replication signals in domains II and III definitely
overlapped with functional parts of the IRES. This was
most obvious with the structure of the upper stem of
domain II, the formation of which was found to be
important for replication but also for proper translation
(see data obtained with mutants HII76–78 and HII88–90).
Further replication signals that overlapped with the IRES
were located in the downstream portion of double-bulge II
and in loop-IIIb (Fig. 4).
Interestingly, only nucleotides A54 and U63 in the
upstream portion of the double-bulge II motif (indicated
by mutant HIIG54/G63) turned out to be essential for
replication, while all other defined motifs solely contributed
to the efficiency of the replication process (Fig. 4). Thus, in
view of the proposed tertiary structure of the HCV IRES
(see Introduction) it is tempting to assume that the here-
defined motifs rather than operating individually more likely
act as a common, complex replication signal. Accordingly,
our data indicate that a major part, if not the entire HCV
5VNTR, participates in protein as well as RNA synthesis
and, most probably, in the regulation of both processes (see
below).
The role of the HCV domain I
A particularly interesting aspect of our side-by-side
analysis of the BVDV and HCV 5VNTR related to the role
of domain I. Concerning region Ib, the BVDV and HCV
5VNTR turned out to be most similar because with both viral
genomes the sequence composition of Ib was found to be
essential for the replication process (Figs. 3 and 4).
Regarding the function of the HCV hairpin Ia during
replication, our data were in general agreement with
previous studies of Luo et al. (2003) showing that the
HCV hairpin Ia, like its BVDV counterpart, is a crucial
replication signal (Fig. 5). However, in contrast to BVDV,
the function of HCV Ia was found to be nearly exclusively
dependent on the formation of the hairpin stem structure.
This became apparent in the course of our asymmetric
mutational approach (mutations HIal, HIar, and HIal + r),
which revealed that the hairpin Ia stem acts as an essential
replication signal in the positive-strand genome as well as in
the negative-strand replication intermediate. Thus, only the
sequence composition of the Ia loop was found to have
some, although little, impact on the replication efficiency of
the HCV RNA, while the sequence composition of the Ia
stem, unless it was capable to form an RNA double strand,
appeared to be generally irrelevant for the catalysis of both
replication steps (Fig. 4). The striking importance of the
structure of hairpin Ia for the replication capacity of the viral
RNA further substantiated the idea that the string of
replication signals in domains I, II, and III of the HCV
5VNTR is part of a higher order RNA motif.Another considerable difference between both viruses
concerned the role of domain I during translation. While the
BVDV hairpin Ia and region Ib were shown to support IRES
activity (Figs. 2 and 3), translation experiments with HCV
RNA revealed an inhibitory effect of Ia and basically no
effect of Ib on the function of the IRES (Fig. 4). That is, the
efficiency of HCV IRES-mediated protein synthesis was
distinctly increased when we inhibited the formation of the
stem of hairpin Ia and, in a similar manner, when we
reduced its stability by substituting G–C pairs by A–U or
G–U pairs (Fig. 4). These findings are in agreement with
data of Rijnbrand et al. (1995), Honda et al. (1996a, 1996b),
and Kamoshita et al. (1997), while diverging from trans-
lation experiments of Luo et al. (2003) and Friebe et al.
(2001). It is impossible to find out the reasons accounting
for the discrepant results of different laboratories; they may
come from differences in the experimental procedures or
differing viral RNA constructs. However, the fact that we
applied here the same experimental systems to measure
BVDV and HCV translation strengthens the conclusion that
the domain I portion of the 5VNTR modulates the activity of
the BVDV and HCV IRES in opposite directions. Thus, the
notion that the HCV hairpin Ia operates as an inhibitor of the
IRES may explain the striking conservation of hairpin Ia
among different HCV strains, all the more so since the
sequence composition of Ia was indicated to be irrelevant
for its function during replication (see above). Moreover,
our findings with HCV Ia correlate with observations of
Kim and co-workers, which showed that a kissing inter-
action between Ib and the core-coding sequence may inhibit
IRES activity (Kim et al., 2003). In sum, these data suggest
that the HCV domain I has an inhibitory effect on
translation.
Implications of the different organization of the BVDV and
HCV 5VNTR for the viral life cycle
This study revealed two main differences in the
organization of the BVDV and HCV 5VNTR. (i) With
BVDV, replication signals, which consist mainly of con-
served sequence-stretches, locate exclusively in the 5V
terminus of the viral RNA, i.e., at the periphery of the
IRES. In comparison, our data suggest the existence of a
complex replication motif in the HCV 5VNTR that involves
all three domains including the core IRES. (ii) While with
BVDV, the domain I portion was found to support the
activity of the IRES, our data indicate the opposite situation
with HCV where domain I appears to down-regulate
translation (Fig. 5).
These findings raised the obvious question why
RNA motifs that modulate the translation and repli-
cation process of the viral genome evolved so differ-
ently in viruses that otherwise apply identical modes
of gene expression (see Introduction and Fig. 1).
According to observations with poliovirus, the prototype
positive-strand RNA virus, translation, and replication of the
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That is, by not yet defined mechanisms, translating
ribosomes need to be cleared from the viral RNA in order
to allow the first step of replication to occur (Barton et al.,
1999). It was postulated that the switch from translation to
replication is controlled by a feed back of de novo
synthesized viral proteins and/or by steric effects caused
by the assembling replication complex that appears to
involve the 3V as well as the 5V end of the viral genome
(Barton et al., 2001; Gamarnik and Andino, 1998; Isken et
al., 2003, 2004; Ito et al., 1998; Yu et al., 2000). Following
this notion, it is a natural suspicion that the HCV genome
with its extensive overlap of replication and translation
signals in the 5VNTR demands a more sophisticated
regulation of protein versus RNA synthesis than BVDV,
where replication signals and the functional IRES are
mainly separated. It may be speculated that HCV requires
the activity of additional and perhaps rate-limiting cellular
factors to achieve a stringent separation of translation and
RNA replication. Alternatively, the competitive sequestra-
tion of RNA elements in the HCV 5VNTR by factors of the
translation and replication machineries may cause a lower
efficiency of the intracellular replication process of the viral
RNA. These ideas are supported by our experimental data,
where we compared a BVDV RNAs that derived from a
natural isolate (Meyers et al., 1996; Tautz et al., 1994) with
a nearly identically organized HCV RNA that was most
favorable adapted to cell culture conditions (Guo et al.,
2001; Krieger et al., 2001). Thus, the time intervals that
were necessary to detect significant levels of RNA
replication were on average four times longer with HCV
than with BVDV, and when we compared the replication
capacity of BVDV and HCV replicons in the same cell-type
(Huh-7 cells), the amounts of viral RNA molecules were
generally by a factor of ca. 100 higher with BVDV than
with HCV (C. Grassmann, unpublished data). Along the
same line it should be noted that replication of the here
applied BVDV RNAs caused a cytopathic effect (Tautz et
al., 1999), while the HCV RNAs were non-cytopathic
(Lohmann et al., 1999, C. Grassmann, unpublished data).
Considering that with BVDV there is a clear correlation of
the level of intracellular RNA replication and cytopathoge-
nicity (Lackner et al., 2004, C. Grassmann, unpublished
data) and bearing in mind that HCV appears to be non-
cytopathic also in natural infections, it is tempting to
speculate that the pronounced overlay of translation and
replication signals in the HCV 5VNTR and the here-observed
HCV-specific down-regulation of viral protein synthesis by
hairpin Ia may serve the same purpose, namely to adjust
HCV replication to a lower level. Further speculated, low
levels of RNA replication, low levels of viral gene
expression, and a non-cytopathic phenotype may be reasons
that lead to a lower immunogenicity and may contribute to
the persistency of HCV infections (for a review, see Hahn,
2003). Hence, this study provides an exciting starting point
for further work aimed at understanding how differences inthe BVDV and HCV RNA contribute to differences in the
host range and phenotype of the viral infection.Material and methods
Cells
All applied types of cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf
serum and nonessential amino acids.
Construction of recombinant plasmids
The construction of the cDNA plasmid that was used to
generate the bicistronic GUS expressing BVDV replicon
has been described in detail by Tautz et al. (1999). The
cDNA plasmid encoding the monocistronic BVDV DI9c
RNA was generated by Meyers et al. (1996). The HCV
constructs used in this study were based on the bicistronic
replicon construct I389neo/NS3-3V of the consensus geno-
type 1b isolate (Con1) (Lohmann et al., 1999); it was
kindly provided by Dr. Robert Sarisky (Department of
Virology at GlaxoSmithKline). The HCV monocistronic
replicon construct was generated as follows. First, the
cDNA of I389neo/NS3-3V was cloned into the pUC19
vector using HindIII restriction sites. Subsequently, the
neo/EMCV IRES sequence (nucleotides 399–1815 of
I389neo/NS3-3V) was replaced by the mouse ubiquitin gene
(231 nt). In this way, the ORF of the resulting mono-
cistronic HCV replicon cDNA consisted of the 5V terminal
16 codons of the core protein, three spacer codons, and the
ubiquitin coding unit fused in frame to the NS3-NS5B
coding region (Fig. 1A). To obtain bicistronic and
monocistronic replicon derivatives that replicated effi-
ciently in Huh-7 cells, we substituted nucleotides A3946
and C4180 (numbering according to the nomenclature of
Con1) by G and T, respectively. This resulted in the
substitution of amino acids E 1202 by G and T 1280 by I
within the NS3 protein (Krieger et al., 2001). Moreover, we
deleted nucleotides 2201-3 that encoded the amino acid
S229 within the NS5A protein (Guo et al., 2001). The
HCV replicon cDNA plasmids were linearized by ScaI and
used for in vitro transcription of the HCV replicons by T7
RNA polymerase. The plasmid constructs applied for the
generation of the probes for the RNase protection assay of
the BVDV replication products were described previously
(Behrens et al., 1998). For the generation of the
5VNTRDNpro transcript that was predominantly used for
the determination of the RNA secondary structure of region
Ib, the plasmid encoding the bicistronic BVDV replicon
was linearized with BstEII and used for run-off tran-
scription (see below). The plasmids used to generate the
RPA probes for the HCV replication products were
constructed by cloning a blunted BglII–EarI fragment
(Con1 positions 7890–8168, i.e., a part of the NS5B coding
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script KS+ (Stratagene). The sense or antisense transcripts
were generated from these plasmids with T3 RNA
polymerase, following linearization with XbaI. The BVDV
and HCV 5VNTR mutants were generated by dQick-changeT
(Stratagene) and/or standard cloning procedures (details
will be provided on request).
Transcription and transfection of RNA
Transcription of the diverse RNA molecules was done
with either T3 or T7 polymerase using standard procedures.
Transfection of viral RNA transcripts into BHK-21, MDBK,
or Huh7 cells was performed by electroporation (BioRad
gene pulser II) using protocols that were previously
developed for these cells (Behrens et al., 1998; Grassmann
et al., 2001). The rate of transfection (commonly in the
range of 70–90%) was either estimated by immunofluo-
rescence procedures that measured the replication-associ-
ated synthesis of viral proteins (Behrens et al., 1998) or
precisely determined by co-transfection of a fixed amount of
plasmid DNA (pBluescript, Stratagene), which posttrans-
fection was quantified by RNase protection (Grassmann et
al., 1999; see also below).
RNase protection assay measuring viral replication
Transfected cells (ca. 3  106) were grown for the
indicated time points, washed once with PBS, harvested,
and lysed in lysis buffer (50 mM Tris–HCl [pH 8.0], 100
mM NaCl, 5 mM MgCl2, 0.5% Nonidet P-40) at 0 8C.
The nuclei were removed by centrifugation for 2 min at
1000  g. The cytoplasmic supernatant was adjusted to
0.5% SDS and proteins removed by digestion with
proteinase K (Roche). After phenol–chloroform extraction,
the nucleic acids were precipitated with ethanol and the
washed pellet dissolved in 200 Al hybridization buffer
[80% (v/v) formamide, 40 mM PIPES–HCl (pH 6.4), 400
mM NaCl, 1 mM EDTA]. Dissolved RNA (5–6 Ag) was
denatured at 85 8C for 2.5 min and subjected to
hybridization at 45 8C overnight with specific, radio-
labeled sense or antisense probes, respectively (1  105
cpm, ca. 109 cpm/Ag). Subsequently, 350 Al of RNase
digestion buffer (10 mM Tris–HCl [pH 7.5], 1 M NaCl, 5
mM EDTA) as well as 25 U of RNase T1 and 3.5 Ag of
RNase A was added, and digestion was performed for at
least 1 h at 37 8C. After proteinase K digestion, phenol–
chloroform extraction, and ethanol precipitation, the
protected fragments were analyzed electrophoretically on
5% 7M urea Tris–Borate EDTA (TBE) polyacrylamide
gels. Quantification of the protected RNA fragments was
performed in comparison to a fixed amount of co-
transfected plasmid that was detected with a second
specific RNA probe (data not shown, Grassmann et al.,
1999). Quantification was carried out with a Fuji Bio
Imaging Analyzer and the corresponding software.Measurement of viral translation in vivo
For determination of theGUS activity of cells that had been
transfected with the BVDV GUS replicon, after the indicated
time interval, the cell layer was washed oncewith PBS and re-
suspended in the lysis buffer (1/10 volume of 10 lysis buffer
containing 0.2% Triton X-100) that was supplied in the GUS-
Light kit purchased by Tropix (Bedford, MA). The GUS
activity wasmeasured 1 h after mixing of the samples with the
substrate (Glucuron) using a LB9501 luminometer (Berthold,
Germany). Data that were measured with various RNAs were
normalized with respect to the transfection efficiency.
Measurement of viral translation in vitro
The preparation of BHK-21 or Huh-7 S10 extract and
eIFs (translation initiation factors) was carried out following
the protocol of Barton and Flanegan (1993). In vitro
translation reactions (50 Al total volume) were performed
at 30 8C for the indicated time intervals, in the presence of
1 Ag of in vitro transcribed RNA-template, 30% (v/v) S10
extract, 10% (v/v) eIFs, 40 U RNaseOut (Gibco BRL), and
10–15 ACi of [35S] methionine, as described previously
(Grassmann et al., 1999). The translation products were
analyzed by 10% SDS–PAGE and monitored by auto-
radiography. Quantification of the amounts of translation
products (with the bicistronic constructs of GUS or NEO;
with the monocistronic constructs of NS3) was performed
with a Fuji Bio Imaging Analyser and the corresponding
software. Data that were measured with various RNAs were
normalized with respect to the transfection efficiency.
Probing of the RNA secondary structure
Chemical modification of RNA transcripts to determine
the RNA secondary structures was performed essentially as
described byYu et al. (1999). RNA secondary structures were
predicted with the mfold program (http://bioweb.pasteur.fr/
seqanal/interfaces/mfold-simple.html).Acknowledgments
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